The cause(s) of sarcoidosis is unknown. Mycobacterium spp. are suspected in Europe and Propionibacterium spp. are suspected in Japan. The present international collaboration evaluated the possible etiological links between sarcoidosis and the suspected bacterial species. Formalin-fixed and paraffin-embedded sections of biopsy samples of lymph nodes, one from each of 108 patients with sarcoidosis and 65 patients with tuberculosis, together with 86 control samples, were collected from two institutes in Japan and three institutes in Italy, Germany, and England. Genomes of Propionibacterium acnes, Propionibacterium granulosum, Mycobacterium tuberculosis, Mycobacterium avium subsp. paratuberculosis, and Escherichia coli (as the control) were counted by quantitative real-time PCR. Either P. acnes or P. granulosum was found in all but two of the sarcoid samples. M. avium subsp. paratuberculosis was found in no sarcoid sample. M. tuberculosis was found in 0 to 9% of the sarcoid samples but in 65 to 100% of the tuberculosis samples. In sarcoid lymph nodes, the total numbers of genomes of P. acnes or P. granulosum were far more than those of M. tuberculosis. P. acnes or P. granulosum was found in 0 to 60% of the tuberculosis and control samples, but the total numbers of genomes of P. acnes or P. granulosum in such samples were less than those in sarcoid samples. Propionibacterium spp. are more likely than Mycobacteria spp. to be involved in the etiology of sarcoidosis, not only in Japanese but also in European patients with sarcoidosis.
More than 100 years have passed since the first description of sarcoid lesions by Jonathon Hutchinson, but the cause of this systemic granulomatous disease is still unknown. Sarcoidosis seems to result from exposure of a genetically susceptible subject to a specific environmental agent(s) (13) . Although an infectious agent is suspected, none has been identified. Similarities of clinical, histologic, and immunologic features between sarcoidosis and tuberculosis have led some to think that sarcoidosis may be an atypical kind of tuberculosis; however, Mycobacterium tuberculosis has not been isolated in culture from sarcoid lesions. Using PCR, some investigators in Europe detected mycobacterial DNA in samples of affected tissue from patients with sarcoidosis (9, 23, 26) , but others did not (2, 25, 29) . Other evidence of mycobacterial involvement in sarcoidosis was found by Graham et al., who obtained spheroplasts (bacteria with defective cell walls) that reverted to acid-fast bacteria by culture from skin biopsy samples from patients with sarcoidosis (10); five of the six cultured isolates were found to be Mycobacterium avium subsp. paratuberculosis by PCR (8) .
In Japan, Propionibacterium acnes has been isolated in culture from biopsy samples of 31 (78%) of 40 lymph nodes from 40 patients with sarcoidosis (1) . By quantitative PCR, many genomes of P. acnes or Propionibacterium granulosum were detected in all 15 biopsied lymph nodes from 15 Japanese patients with sarcoidosis (15) . These results point to an etiological link between propionibacteria and sarcoidosis. Indeed, P. acnes, a strong adjuvant, causes granulomas when injected into sensitized rats (31) and rabbits (14) . However, P. acnes is indigenous to the skin and intestines of healthy humans. It has been isolated in culture from 21% of 180 tissue samples from patients with diseases other than sarcoidosis (1) and detected in small amounts in 2 (13%) of 15 tuberculous lymph nodes and in 3 (20%) of 15 control lymph nodes by quantitative PCR (15) .
In this study, biopsy samples of lymph nodes from patients with sarcoidosis and tuberculosis, together with control samples, were collected from two Japanese institutes in Tokyo and Kumamoto and three European institutes in Italy, Germany, and England. Genomes of P. acnes, P. granulosum, M. tuberculosis, M. avium subsp. paratuberculosis, and Escherichia coli labeled with 6-carboxyfluorescein on the 5Ј-end and 6-carboxytetramethylrhodamine (TAMRA) on the 3Ј end.
PCR was done in 50 l of a mixture containing 5 l of a DNA sample, 5 pmol of each primer needed, 2 pmol of a TaqMan probe, 10 nmol of each of the four deoxynucleotides, 175 nmol of MgCl 2 , 1.25 U of AmpliTaq Gold (PE Biosystems, Foster City, Calif.), and 1ϫ TaqMan buffer A (PE Biosystems) to make 50 l. Amplification and detection were done with a detection system (GeneAmp 5700; PE Biosystems) with the profile of 95°C for 5 min and 50 cycles of 95°C for 15 s and 60°C for 1 min. The TAMRA signal was used for standardization of the results. The number of bacterial genomes in tissue samples was estimated with an internal standard curve for each species, prepared with three replicates of four concentrations (10 ng, 1 ng, 100 pg, and 10 pg) of bacterial or human DNA. The concentration of DNA was expressed in terms of the number of bacterial genomes with 2.5 ϫ 10 9 Da per genome, or of human genomes with 1.8 ϫ 10 12 Da per genome, used in the conversion. Finally, the result of quantitative PCR for each sample was expressed as the number of bacterial or human genomes in 500 ng of total DNA from the sample. Negative controls without bacterial DNA were included in every PCR. Assays were done three times for each sample, and the mean number of genomes was calculated.
The specificities of primers and probes for the bacterial and human DNAs tested were examined with the same procedures as for tissue samples. TaqMan The sensitivity and reproducibility of TaqMan PCR were evaluated with eight replicates of 10-fold serial dilutions of each bacterial DNA or human DNA.
Statistical analysis. The chi-square test was used for analysis of the differences in frequency of detection between pairs of groups. The Mann-Whitney U test was used to compare the numbers of genomes in samples from different institutes and in samples from patients with different diseases. Differences with a P value of Ͻ0.05 were considered to be statistically significant.
RESULTS
The sensitivity and reproducibility of TaqMan PCR are shown in Fig. 1 paratuberculosis were detected in any negative controls, but fewer than 50 genomes of P. acnes or E. coli were detected in some negative controls. We therefore considered the lower limit of detection to be 5 genomes for P. granulosum, M. tuberculosis, and M. avium subsp. paratuberculosis; 5 genome equivalents for the ␤-globin gene; and 50 genomes for P. acnes and E. coli. TaqMan PCR specifically amplified the target bacterial DNA, giving about 2 ϫ 10 6 genomes per PCR, while background values for DNA of other bacteria were below the limit of detection. TaqMan PCR of the ␤-globin gene specifically amplified human DNA to 3 ϫ 10 3 genome equivalents per PCR, and bacterial genomes were not detected.
Genome equivalents of the ␤-globin gene in samples ranged from 40 to 2,400 per 500 ng of total DNA, but there was no significant difference in the mean numbers detected in samples from different institutes, with means of 450 for Tokyo, 290 for Kumamoto, 860 for Italy, 180 for Germany, and 310 for England.
Results for sarcoidosis samples were as follows. Genomes of P. acnes were found in 35 (81%) Japanese, 16 (94%) Italian, 27 (82%) German, and 15 (100%) English patients, and genomes of P. granulosum were found in 23 (53%) Japanese, 14 (82%) Italian, 12 (36%) German, and 10 (67%) English patients (Table 1) . There was no difference in the detection rate of P. acnes or P. granulosum between samples from the two areas of Japan and among samples from the four other countries, except for a higher frequency of P. granulosum detected in Italian patients with sarcoidosis. Genomes of M. tuberculosis were found in none to three patients with sarcoidosis in each of these institutes. Genomes of E. coli were found in lesions of two patients with sarcoidosis.
Either P. acnes or P. granulosum was found in all but two of the patients with sarcoidosis; P. acnes but no P. granulosum was detected in about 20 to 65% of the patients with sarcoidosis, and P. granulosum but no P. acnes was detected in smaller proportions or none in these patients (Table 2) 
a The frequency of tuberculosis samples with M. tuberculosis detected in Tokyo was higher than in Kumamoto (P ϭ 0.022), Italy (P ϭ 0.017), and England (P ϭ 0.044). b The frequencies of control samples with P. granulosum detected in Tokyo and Kumamoto were lower than in Italy (P ϭ 0.25 and 0.076), Germany (P ϭ 0.020 and 0.068), and England (P ϭ 0.0065 and 0.032), respectively.
c The frequency of sarcoidosis samples with P. granulosum detected in Italy was higher than in Tokyo (P ϭ 0.018) and Germany (P ϭ 0.0020). d The frequency of control samples with P. acnes detected in England was higher than in Tokyo (P ϭ 0.046), Kumamoto (P ϭ 0.0019), and Italy (P ϭ 0.019) (chi-square test of proportions, pairwise).
with DNAs from both propionibacteria detected, the frequency of more P. acnes genomes being dominant was higher in England than in Italy and Germany, and the frequency of more P. granulosum genomes being dominant was higher in Italy than elsewhere.
The total numbers of genomes of P. acnes or P. granulosum detected in sarcoid lymph nodes were much higher than those of M. tuberculosis detected in the same institutes (P Ͻ 0.001 in all institutes; Fig. 2 ).
Tuberculosis samples gave the following results. Genomes of P. acnes were found in two (7%) Japanese, five (29%) Italian, one (20%) German, and five (33%) English patients; genomes of P. granulosum were found in one (4%) Japanese, two (12%) Italian, no German, and five (33%) English patients. In control samples, genomes of P. acnes were found in eight (20%) Japanese, three (19%) Italian, five (33%) German, and nine (60%) English patients; genomes of P. granulosum were found in no Japanese, three (19%) Italian, three (20%) German, and four (27%) English patients. The frequency of detection of P. acnes in control samples was higher in England than in Tokyo, Kumamoto, or Italy.
The total numbers of genomes of P. acnes or P. granulosum detected in samples from patients with tuberculosis and control samples were lower than those detected in samples from patients with sarcoidosis, except for P. granulosum in German samples. Many genomes of P. acnes were detected in one English control sample.
Genomes of M. tuberculosis were found in none of the Japanese sarcoid samples and in 6 to 9% of European sarcoid samples, with no significant differences between institutes. Genomes of M. tuberculosis were found in all of the Tokyo patients with tuberculosis and in 65 to 80% of the tuberculosis samples from other institutes.
Genomes of M. avium subsp. paratuberculosis were not found.
DISCUSSION
There are many infectious agents that cause granulomas resembling those of sarcoidosis, including mycobacteria, herpesviruses, Histoplasma capsulatum, Treponema pallidum, Sporothrix schenckii, Coccidioides immitis, Schistosoma japonicum, Listeria monocytogenes, Rhodococcus spp., and the agent of Whipple's disease. Sarcoidosis has a worldwide distribution, so the putative agent(s) that causes sarcoidosis also must be widely distributed.
Many causative agents of sarcoidosis have been proposed: chemical constituents of pine pollen (4), acid-fast bacilli (28), mycobacteriophage (19) , some unidentified transmissible agent (20) , Borrelia burgdorferi (11), M. tuberculosis (9, 23, 26) , and human herpesvirus 8 (5). However, none of these proposed substances or organisms has been isolated from sarcoid lesions so far. B. burgdorferi was proposed as a possible agent of sarcoidosis by a Chinese group (11) on the basis of the elevated titers of antibodies in serum in sarcoid patients, but the same group later concluded that the elevated titers are a nonspecific response (30) . Human herpesvirus 8 was proposed by a English group (5) to be a cause of sarcoidosis on the basis of the results of nested PCR, but later research on these lines by other groups (6, 16, 18) gave negative results. For these reasons, we did not search for B. burgdorferi or human herpesvirus 8 in our study.
Graham and his group isolated cell wall-defective bacteria (spheroplasts) that reverted to an acid-fast bacillus, M. avium subsp. paratuberculosis, from skin biopsy samples from six of nine patients with sarcoidosis (8, 10) . In contrast, we detected genomes of M. avium subsp. paratuberculosis in none of the samples, regardless of their country of origin. It is unlikely that we failed to detect the DNA of this bacterial species because of low sensitivity of the detection method. The analytical sensitivity of TaqMan PCR is close to that of the nested PCR; both methods can detect as few as 10 copies of a standard plasmid (24) . The sensitivity of the TaqMan PCR may account for the detection of a few genomes of P. acnes and E. coli in some negative controls, because traces of DNA of these indigenous microbes can be present in the reaction mixture, as suggested by Moore (22) in the case of the nested PCR of human herpesvirus 8. It is unlikely that the positive results in negative controls were caused by contamination, because amplified samples are not handled further in TaqMan PCR: the risk of contamination is lower than in conventional PCR.
P. acnes has been isolated in culture from biopsy samples of a n, number of patients. b "P. acnes dominant" and "P. granulosum dominant" mean that both P. acnes and P. granulosum genomes were detected but that the number of genomes of one of these species was much greater than that of the other species.
c Only genomes of the indicated species were detected. d Neither P. acnes nor P. granulosum genomes were detected. e The frequency of P. granulosum-dominant samples in Italy was higher than in Tokyo (P Ͻ 0.001), Kumamoto (P ϭ0.0079), Germany (P Ͻ 0.001), and England (P ϭ 0.013).
f Total frequency of P. acnes only in Germany was higher than in Kumamoto (P ϭ 0.026), Italy (P ϭ 0.0020), and England (P ϭ 0.0064). g The frequency of P. acnes-dominant samples in England was higher than in Italy (P ϭ 0.019) and Germany (P ϭ 0.0035) (chi-square test of proportions, pairwise).
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on November 8, 2017 by guest http://jcm.asm.org/ lymph nodes from Japanese patients with sarcoidosis (1). In this study, P. acnes or P. granulosum was detected in samples from Europe as well as Japan, with only two exceptions among the 108 samples from patients with sarcoidosis. One possible explanation of the exceptions is that they originally contained such genomes but the DNA denatured during preparation; consistent with this possible explanation, PCR of the ␤-globin gene in these two samples gave the two lowest numbers of genome equivalents of all 108 samples examined. The propionibacteria in question were found also in all 12 lymph node samples from five American patients with sarcoidosis provided by one of the authors. There was no relationship between the frequencies of detection, or numbers of propionibacterial genomes, in groups of samples from Japanese patients and the age or sex of the patient. P. acnes and P. granulosum are indigenous bacteria found on healthy skin, and P. acnes was first isolated from a lesion of acne vulgaris. Although it is not the direct cause of acne, there are many P. acnes cells in sebaceous follicles. The number of P. acnes cells on a square centimeter of skin is generally from 10 2 to 10 6 . P. granulosum has the same distribution as P. acnes but is present in smaller numbers. The possibility of contamination FIG. 2. TaqMan measurement of bacterial DNAs from lymph nodes of patients with sarcoidosis or tuberculosis or from control lymph nodes. The y axis shows the numbers of bacterial genomes in 500 ng of total tissue DNA extracted from samples collected at different institutes. Some datum points overlap. Groups were compared as follows (by the Mann-Whitney U test): P. acnes and M. tuberculosis, P Ͻ 0.001 in all institutes; P. granulosum and M. tuberculosis, P Ͻ 0.001 in all institutes; P. acnes, sarcoidosis, and tuberculosis, P ϭ 0.0040 in Tokyo, P ϭ 0.0029 in Germany, and P Ͻ 0.001 in Kumamoto, Italy, and England; P. acnes, sarcoidosis, and control, P ϭ 0.0033 in Tokyo, P ϭ 0.0090 in Germany, P ϭ 0.0013 in England, and P Ͻ 0.001 in Kumamoto and Italy; P. granulosum, sarcoidosis, and tuberculosis, P ϭ 0.23 in Germany, P ϭ 0.085 in England, and P Ͻ 0.001 in Tokyo, Kumamoto, and Italy; P. granulosum, sarcoidosis, and control, P ϭ 0.17 in Germany, P ϭ 0.017 in England, and P Ͻ 0.001 in Tokyo, Kumamoto, and Italy. Abbreviations: PA, P. acnes; PG, P. granulosum; TB, M. tuberculosis; EC, E. coli.
by propionibacteria from the skin during biopsy was excluded because DNA was extracted from histologic sections and because propionibacterial genomes were abundant in the sarcoid lesions only. The presence of organisms in tissues is considered incidental if only a few genomes are detected. The possibility that propionibacteria can be present in tissue without pathological effects was suggested by results of bacterial culture (1). Genomes of E. coli were examined as a control to eliminate the possibility that the propionibacteria detected were not specific to the disease but were simply residing in the host. Only 2 of the 108 samples from patients with sarcoidosis contained genomes of E. coli, and those patients were few. Whether or not there is an etiological connection, many propionibacteria being found only in sarcoid lesions suggests that such bacteria may be present abnormally or may proliferate ectopically in such lesions. It is unlikely that granuloma formation may bring about secondary proliferation of the bacteria in the lesions, because few propionibacteria were detected in lesions with tuberculosis, which contained granulomas similar to those of sarcoidosis.
Differences among institutes in frequencies of samples with P. acnes or P. granulosum detected in sarcoid samples did not suggest the predominance of either species of propionibacterium in sarcoid samples from patients with different genetic or environmental backgrounds. In the sarcoid samples in which we detected genomes of P. acnes or P. granulosum, histologic features were the same regardless of the species.
The greater frequencies and larger numbers of propionibacterial genomes in tuberculous and control samples from Germany and England than in those from Japan and Italy might be related to the fact that only the German and English samples were taken from mediastinal lymph nodes. We examined another 42 samples of axillary lymph nodes (with and without cancer metastasis) taken from 21 German patients with breast cancer and detected a few genomes of P. acnes in two (5%) of the samples; no P. granulosum genomes were detected. This comparison of biopsy samples of mediastinal and axillary lymph nodes from the same institute suggested that propionibacteria were detected at a higher frequency in mediastinal lymph nodes draining from the lungs, with numbers of propionibacterial genomes, when detected, being greater than in superficial lymph nodes, whether sarcoid granulomas were found or not. The finding suggests that propionibacteria reside normally not only on the skin but also in lungs in individuals without sarcoidosis, which may be why lungs and mediastinal (hilar) lymph nodes are so frequently involved in sarcoidosis.
Genomes of M. tuberculosis were not found in any of the 43 samples from Japanese patients with sarcoidosis, but a few were found in 5 (8%) of the 65 samples from European patients with sarcoidosis. In sarcoid samples containing M. tuberculosis genomes, mycobacteria might have a role in the disease, but propionibacteria are more likely to cause inflammation, because the total number of propionibacterial genomes was much larger than that of mycobacterial genomes. Small amounts of DNA unrelated to the disease also can be found by PCR. The few mycobacterial genomes found in the patients without tuberculosis might arise from bacillus CalmetteGuérin vaccination or a latent infection. The amount of DNA on the threshold of PCR detection could be affected by incidental differences between samples. Therefore, the previous results (9, 17, 23, 26) of successful detection of mycobacterial DNA by PCR may need to be reevaluated by quantitative PCR.
Many genomes of M. tuberculosis were found in 65 to 100% of samples from patients with tuberculosis, and the numbers of M. tuberculosis genomes in those samples were not very different from those of P. acnes or P. granulosum genomes in samples from patients with sarcoidosis. Failure to detect genomes of M. tuberculosis in some samples from patients with tuberculosis might be ascribed to differences in the total volumes of caseating granulomas in samples from each institute, because samples from examined patients with tuberculosis had different proportions of tuberculous lesions with central necrosis. In all samples of lymph nodes affected by tuberculosis taken in Tokyo, caseating granulomas occupied at least half of the volume and genomes of M. tuberculosis were detected without exception.
The basic concepts of virulence and pathogenicity of microbes have recently been redefined by Casadevall and Pirofski (3) . They emphasize that the usual definition of a pathogen as a microorganism that causes disease in a host is inadequate; some microbes do not cause clinically evident disease in all hosts. They suggested a classification system for such pathogens based on their ability to cause damage as a function of the host's immune response. To find the cause of sarcoidosis, we need to look at not only pathogenic bacteria such as mycobacteria but also indigenous bacteria of low virulence such as propionibacteria. Koch's postulates for exogenous infection cannot be applied to a disease caused by endogenous bacteria. Immunologic reactions of Coombs' type IV hypersensitivity to an antigen of indigenous bacteria may cause granuloma formation.
The inflammatory response in sarcoidosis involves many activated T cells and macrophages (12) , with a pattern of cytokine production in the lungs consistent with a helper T-cell type 1 (Th1) immune response triggered by a still-undefined antigen(s) (22) . If a propionibacterium caused sarcoidosis, it is likely that an antigen arising from the bacterium gave rise to a Th1 immune response in the subject. Ebe and colleagues (7) recently reported that a recombinant protein from a P. acnes DNA expression library causes a cellular immune response in some patients with sarcoidosis but not in subjects without sarcoidosis. Host factors may be more critical than agent factors in the etiology of sarcoidosis, as already suggested from the phenomenon of the Kveim test (27) , in which a suspension of sarcoid tissues injected subcutaneously causes sarcoid granulomas in patients with sarcoidosis but not in healthy people or patients with other diseases. Sarcoidosis may arise from a Th1 immune response to one or more antigens of propionibacteria in an individual with a hereditary or acquired abnormality of the immune system.
